Studies of virulence determinants in the bacterial phytopathogen Erwinia amylovora, the cause of devastating fire blight disease in apple and pear, have shown that HsvA, a putative amidinotransferase enzyme located in the Hrp pathogenicity island, is required for systemic infection in apple. However, the mechanism by which HsvA contributes to virulence is unclear. To investigate the role of HsvA in virulence, we carried out a series of biochemical and structural studies to characterize the amidinotransferase activity of HsvA. We found that HsvA displays a preference for linear aliphatic polyamines as the amidino acceptor substrate, especially for spermidine and putrescine (K m values of 33 M and 3.9 mM, respectively). The three-dimensional structure, determined at 2.30 Å resolution using X-ray crystallography, revealed that the overall architecture of HsvA is similar to that of the human arginine-glycine amidinotransferase in the creatine biosynthesis pathway. The active site is located in the core of the protein at the base of a long, narrow substrate access channel. Specific amino acids near the entrance of the channel may serve as major determinants of the substrate specificity, including a glutamate residue at the rim of the channel entrance that appears to be positioned to interact with the distal primary amine in the putrescine substrate as well as the internal and distal amines in the spermidine substrate. These results suggest potential in vivo functions for HsvA as a virulence factor in fire blight and may also provide a basis for strategies to control fire blight by inhibiting HsvA activity.
Fire blight is a devastating disease which affects a variety of plants in the Rosaceae family, with apple and pear being the hosts of greatest economic importance (1) . Fire blight disease is caused by the Gram-negative bacterial pathogen Erwinia amylovora, a member of the Enterobacteriaceae. Although origi-nally native to North America, the pathogen is now found in most regions of the world where apples and pears are grown commercially (2) . This wide geographic spread, coupled with limited options for effective control, makes fire blight one of the most significant threats to commercial apple and pear production, an industry that was valued at nearly $4 billion in the United States in 2015 (3) . Economic losses from fire blight in the United States are estimated to exceed $100 million annually (4) .
Genome sequencing and genetic studies in E. amylovora have identified a number of genes required for pathogenicity, many of which are clustered within a ϳ62-kb region of the genome that is designated as the Hrp pathogenicity island (5) . Although most of the genes in the Hrp pathogenicity island encode a type III secretion system involved in the production and delivery of several essential virulence factors, one locus within the pathogenicity island contains five open reading frames, organized into two operons, which are predicted to encode enzymes. Expression of both of these operons is controlled by the alternative factor HrpL, which is specifically up-regulated during infection, suggesting a role for these two operons in virulence (5) . Together, these two operons comprise a region designated as the Hrp-associated enzyme (HAE) 2 locus. Genetic studies have shown that at least three of the genes in this locus, hsvA, hsvB, and hsvC, are required for full virulence in apple (5) . Mutant strains of E. amylovora individually lacking either hsvA, hsvB, or hsvC exhibit significantly reduced virulence in apple shoots, suggesting that the encoded proteins may be part of a biochemical pathway operating during infection to synthesize a virulence factor that is required for systemic spread of the pathogen in apple.
HsvA is predicted to be an amidinotransferase enzyme on the basis of amino acid sequence similarity with other prokaryotic and eukaryotic amidinotransferases (5) . Amidinotransferase enzymes catalyze the transfer of the amidino group from a donor molecule (usually arginine) to an acceptor molecule bearing a primary amine. Amidinotransferase enzymes are widespread in nature, occurring in essential metabolic path-ways in eukaryotes as well as in biosynthetic pathways for antibiotics and virulence factors in prokaryotes.
In vertebrates, an arginine-glycine amidinotransferase (AGAT) catalyzes the first reaction in the creatine biosynthesis pathway, transferring the amidino group from arginine to glycine to form guanidinoacetate, an intermediate in the pathway, and ornithine, a by-product (6) . In the three-dimensional structure of the human homolog (hAGAT), which displays 40% amino acid identity with HsvA, the active site lies in the interior of the protein at the base of a long, narrow channel and contains a catalytic triad composed of cysteine, histidine, and aspartic acid (7) . Biochemical and kinetic studies clearly demonstrate a double-displacement (ping-pong) reaction mechanism involving temporary covalent modification of the active-site cysteine, which serves as a nucleophile to initiate the transamidination reaction upon binding of the amidino donor substrate (8, 9) . The architecture of the active-site region also supports a doubledisplacement reaction mechanism, as the channel leading to the active site is too narrow to permit simultaneous binding of an amidino donor and acceptor substrate during catalysis (10) .
In prokaryotes, amidinotransferase enzymes have been found in the biosynthetic pathways of two aminoglycoside antibiotics, including streptomycin (11) and bluensomycin (12) , and the antimycobacterial peptide antibiotics pheganomycin and resorcinomycin (13) . Amidinotransferase enzymes are also known to participate in the biosynthetic pathways of several bacterial toxins, including cylindrospermopsin (14, 15) , saxitoxin (16) , and phaseolotoxin (17, 18) . HsvA displays 48% amino acid identity with AmtA, the amidinotransferase found in the biosynthetic pathway for phaseolotoxin, a derivatized tripeptide phytotoxin produced in Pseudomonas syringae pv. phaseolicola, the cause of bean halo blight. AmtA transfers an amidino group from arginine to lysine, forming homoarginine and ornithine, both of which are incorporated into the structure of the toxin (17) .
Although genetic studies have shown that HsvA is necessary for full systemic virulence of E. amylovora in apple, the biochemical function of HsvA and the mechanism by which the protein contributes to virulence are unknown. We carried out a series of biochemical studies to characterize the predicted amidinotransferase activity of HsvA, and we also determined the atomic structure of HsvA at 2.30 Å resolution using X-ray crystallography. Our results show that HsvA is an amidinotransferase having novel acceptor substrate specificity, with a clear preference for linear polyamines, especially putrescine and spermidine, as the amidino acceptor substrate. The architecture of the active-site region in the three-dimensional structure provides insight into the structural basis for this substrate specificity. These results suggest some potential in vivo functions for HsvA as a virulence factor in fire blight and also provide a basis for the development of novel strategies to control fire blight through the inhibition of HsvA activity.
Results

Phylogenetic comparison of HsvA with other known or predicted amidinotransferase sequences
To gain insight into the relationship between HsvA and other amidinotransferases, the amino acid sequence of HsvA from E. amylovora was aligned with 22 other known or predicted amidinotransferase sequences from a variety of prokaryotes and eukaryotes (see Table S1 and Fig. S1 ), and a phylogeny tree was constructed ( Fig. 1 ). The sequences used in phylogenetic analysis include several for which amidinotransferase activity has been confirmed experimentally (hAGAT and selected orthologs from other vertebrates, StrB1 from Streptomyces griseus, CyrA from Cylindrospermopsis raciborskii, AoaA from Aphanizomenon ovalisporum, and AmtA from P. syringae pv. phaseolicola). Phylogenetic analysis also included several predicted orthologs of HsvA from closely related pathogens, including Erwinia pyrifoliae, a cause of necrotic disease in Asian pear, Erwinia mallotivora, the cause of papaya blight, and Pantoea stewartii, the cause of corn leaf blight, a pathogen that was formerly classified within the Erwinia genus.
Using node-to-tip distances as an indication of sequence similarity, the amidinotransferase sequences in this phylogram appear to form five distinct clades. HsvA from E. amylovora aligns within the uppermost cluster of sequences, designated as group I, which also includes the predicted orthologs of HsvA from closely related pathogens in Erwinia and Pantoea. Group II is composed mostly of amidinotransferase sequences from various genera in the family Enterobacteriaceae, although one notable exception within this clade is SxtG from the cyanobacterium Cylindrospermopsis raciborskii, which functions as an amidinotransferase in the biosynthetic pathway for saxitoxin. Group III encompasses the well-characterized vertebrate AGAT sequences as well as an AGAT ortholog from lancelets, an invertebrate marine animal. Group IV includes two cyanobacterial sequences that are known to be arginine-glycine amidinotransferases (CyrA and AoaA), although they appear to have diverged fairly early in their evolutionary history from the lineage leading to the vertebrate AGAT sequences. The four amidinotransferase sequences included in group V form two clusters that are less closely related to one another, as judged from the longer node-to-tip distances observed in this portion of the phylogram; in addition to the well-studied StrB1 amidinotransferase from Streptomyces, this clade includes predicted amidinotransferases from two fungi, the model organism Neurospora crassa and the insect pathogen Cordyceps militaris.
Two observations emerge from this phylogenetic analysis. First, HsvA from E. amylovora and the predicted orthologs from E. pyrifoliae, E. mallotivora, and P. stewartii, form a unique clade that is distinct from amidinotransferase sequences found in a variety of other members of the family Enterobacteriaceae. Although Erwinia and Pantoea are also classified within the Enterobacteriaceae, the phylogram suggests that the amidinotransferase sequences found in these pathogens diverged relatively early from those found in other Enterobacteriaceae or that they are the result of a horizontal transfer event from a more distantly related organism. The possibility of horizontal transfer is supported by the observation that HsvA in E. amylovora is found on a ϳ60-kb pathogenicity island that is bounded by sequences often associated with horizontal gene transfer in bacteria (5) . Second, the four sequences in this clade appear to be quite closely related, as suggested by the comparatively short node-to-tip distances in the phylogram and the high degree of amino acid conservation that is seen among HsvA is a polyamine amidinotransferase these four amidinotransferases in the sequence alignment shown in Fig. S1 . The HsvA orthologs in these four plant pathogens are likely to have very similar functions.
Recombinant expression, purification, and biophysical characterization of HsvA
To investigate the enzymatic activity and determine the molecular structure of HsvA, the full-length hsvA gene from Erwinia amylovora strain Ea321 was cloned and expressed in Escherichia coli, and the protein was purified to homogeneity using affinity chromatography. Yields typically ranged between 25 and 50 mg/liter of bacterial culture.
Characterization of amidinotransferase activity
Amidino donor substrate specificity-Although amidinotransferases are generally able to use a variety of guanidinecontaining molecules as amidino donor substrates, arginine is believed to be the primary amidino donor substrate in vivo, with The amino acid sequence of HsvA from Erwinia amylovora was aligned with 22 predicted or confirmed amidinotransferase (ATase) sequences from a variety of prokaryotic and eukaryotic organisms, and a phylogram based upon the Jones-Taylor-Thornton probability model was constructed using PHYLIP. Colored shading was added to emphasize distinct clades. The short node-to-tip distances in the uppermost clade (I, highlighted in blue) show that HsvA and other predicted amidinotransferase sequences from the Erwinia genus (and one amidinotransferase sequence from the closely related genus Pantoea) cluster together in a unique clade, distinct from other bacterial amidinotransferase sequences. The UniProt accession number for each sequence is provided in brackets along with the name of the organism in which each sequence is found. The scale bar provides a measure of relative genetic distance along the branches. The node labels represent horizontal distance from the rightmost tip, a predicted amidinotransferase found in the model fungal organism N. crassa (Q1K5W2).
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reported K m values ranging from 0.74 mM in AoaA (15) to 2.0 mM in hAGAT (9), 3.5 mM in CyrA (14) , and 7.7 mM in AmtA (19) . To investigate the amidino donor substrate specificity profile of HsvA, we used a modified functional assay in which the amidino acceptor substrate is omitted, and thus only the first half of the double displacement reaction mechanism occurs as the amidino group is transferred from the donor substrate to the active-site cysteine. The observed product of this reaction is the portion of the amidino donor substrate that remains after the amidino group is removed. This low-efficiency arginase-like activity in the absence of an amidino acceptor substrate has been observed in other amidinotransferases (14, 20) .
We applied this modified assay to screen for amidino transfer activity using arginine and several structural analogs, including homoarginine (an analog with one additional methylene in the side chain), agmatine (an analog without the carboxylate group), arcaine (an analog with an amidino group at both ends), and guanidinoacetate. As shown in Fig. S2 , HsvA is able to convert arginine into ornithine, homoarginine into lysine, agmatine into putrescine, and arcaine into agmatine, indicating that these four guanidine-containing molecules can serve as donor substrates. HsvA did not appear to be able to convert guanidinoacetate into glycine, in contrast to hAGAT and CyrA, both arginine-glycine amidinotransferases that are able to use guanidinoacetate as an amidino donor (6, 21) . Under conditions in which a suitable acceptor substrate was provided, we observed that HsvA is also able to use canavanine, a guanidinooxy analog of arginine, as an amidino donor substrate, as has been seen with hAGAT, StrB1, and AmtA (6, 11, 18) .
Notably, agmatine and arcaine are positively charged at both ends of the molecule under physiological conditions, and, unlike arginine, homoarginine, or canavanine, neither has a negatively charged functional group. Thus, a common structural feature of all donor substrates observed to function in HsvA is the presence of a positive charge on the end of the molecule that is distal to the amidino group being transferred. This structure-activity relationship suggests that the active site may be designed to recognize donor substrates via interaction with the positively charged groups on both ends of the molecule. Taken together, these results indicate that the amidino donor substrate specificity profile for HsvA is distinct from other amidinotransferases for which comparable data is available.
Amidino acceptor substrate specificity-The functional role of an amidinotransferase is generally defined by the range of molecules that can be used as substrates for the second half of the amidinotransfer reaction, during which the amidino group is transferred from the nucleophilic cysteine in the active site to a primary amine on the acceptor substrate. To investigate the amidino acceptor substrate specificity for HsvA, we screened a panel of 16 candidate acceptor substrates in an assay that used arginine as a donor, detecting amidinotransferase activity by quantifying the amount of ornithine produced after 30 min.
The yield of ornithine observed in reactions containing each of the amidino group acceptor candidates is shown in Fig. 2 . Putrescine was clearly the most efficient amidino acceptor among those evaluated in this panel. Other polyamines ranging in length from two carbons to six carbons showed varying levels of activity; the observed structure-activity relationship suggests that a chain length of four carbons provides the optimum separation between primary amines in the acceptor substrate. Lysine, which contains two primary amines separated by five carbons, also showed modest activity as an amidino acceptor substrate. As has been observed with other amidinotransferases, hydroxylamine also displayed limited activity as an acceptor substrate. In contrast, a series of amino alcohols and linear amino acids spanning a similar range of chain lengths displayed little to no activity. The yield of ornithine observed in connection with these candidate acceptor substrates was similar to the amount produced when no acceptor was provided, suggesting that the small quantity of ornithine accumulation in these reactions was due primarily to the basal-level arginaselike activity of the enzyme that is seen in absence of an acceptor (as indicated previously in Fig. S2 ).
Taken together, these results suggest that the active site is able to recognize amidino acceptor substrates having primary amines separated by 5-7 Å, a distance that is found in molecules having 3-5 methylene groups in the linear chain, with putrescine providing the ideal separation of ϳ6 Å between primary amines. The absence of a second primary amine in a candidate substrate appears to prevent productive binding to the active site, as can be readily seen by comparing the activity of putrescine with that of the inactive analogs 4-amino-1-butanol and GABA, which otherwise have similar molecular shapes. The preference for amidino acceptor substrates having two primary amine groups, which would be positively charged under physiological conditions, is similar to the trend that was observed for amidino donor substrates, suggesting that the active site is designed to recognize both the donor and the acceptor substrates through similar enzyme-substrate interactions, probably involving the same amino acids in the active-site region.
Kinetic parameters-With arginine as an amidino donor and putrescine as an acceptor, HsvA obeyed Michaelis-Menten kinetics with a K m value of 0.47 mM for arginine and 3.9 mM for putrescine (see Table 1 ). The K m value for putrescine is similar to values reported for acceptor substrates used in other amidinotransferases, including glycine in hAGAT, CyrA, and AoaA (9, 14, 15) and lysine in AmtA (19) , with reported K m values ranging between 2.0 and 6.9 mM. Although the structurally related molecules 1,3-diaminopropane, cadaverine, and lysine all displayed low to moderate amidino acceptor activity under the conditions used in the substrate specificity profile screen, we were not able to measure K m values for these acceptors, as we observed only very low levels of product formation within the time frame of our kinetic assays at acceptor substrate concentrations Ͻ30 mM (data not shown), suggesting that these molecules are relatively inefficient substrates.
Putrescine, along with 1,3-diaminopropane and cadaverine, are common polyamines found in E. amylovora (22) . Given that the E. amylovora genome encodes a homolog of spermidine synthase (SpeE), which catalyzes the formation of spermidine from putrescine and decarboxylated S-adenosylmethionine, we investigated whether HsvA could also use spermidine as an amidino acceptor substrate. We found that spermidine is a far HsvA is a polyamine amidinotransferase more efficient acceptor than putrescine, with a K m value of 33 M (see Table 1 ), significantly lower than any K m value previously reported for an amidinotransferase substrate. The products of the amidinotransfer reaction using spermidine as an acceptor would be either 2-[4-(3-aminopropylamino)butyl] guanidine (N 1 -aminopropylagmatine) or 2-[3-(4-aminobutylamino)propyl]guanidine (guanidinospermidine), depending upon whether the amidino group is attached to the terminal primary amine that is adjacent to four methylenes or three methylenes, respectively. Considering the greater efficiency of putrescine as an acceptor compared with 1,3-diaminopropane, the N 1 -aminopropylagmatine product is probably favored. It is also conceivable that diguanylspermidine (hirudonine) could be produced if both ends of spermidine undergo amidinylation in two successive rounds of catalysis. Interestingly, when spermidine is provided as the acceptor, rather than putrescine, the K m value for arginine increases from 0.47 to 1.5 mM. The slightly reduced affinity for arginine in the presence of a saturating concentration of spermidine suggests the likelihood of mild substrate inhibition by spermidine. Consistent with this possibility, we observed significant inhibition of HsvA activity at spermidine concentrations Ͼ 200 M (data not shown).
Temperature and pH activity profile-To investigate the temperature and pH activity profile of HsvA, we used arginine and putrescine as substrates and quantified the production of ornithine under a range of temperature and pH conditions ( Fig.  S3 ). HsvA displayed maximum activity around a temperature of 35°C and a pH of 8. The temperature and pH activity profiles are similar overall to those reported for other bacterial amidinotransferases (14, 15) .
Three-dimensional structure of HsvA
To investigate the structural basis for the novel substrate specificity of HsvA, we determined the three-dimensional structure using X-ray crystallography. HsvA crystallized in the trigonal space group P3 2 21 and diffracted to 2.30 Å resolution. The asymmetric unit contains two molecules arranged as a dimer, with the two monomers related to each other through a noncrystallographic 2-fold symmetry axis along the dimer interface (Fig. 3A) . The two HsvA mono- HsvA displays a clear preference for short polyamines as the amidino acceptor substrate, with four methylenes as the optimum separation between primary amine groups. Candidate acceptor substrates lacking a second primary amine are strongly disfavored. In these assays, HsvA was incubated with arginine and a panel of candidate amidino acceptor substrates at 30°C for 30 min, and ornithine yield was quantified using HPLC. Relative ornithine yield is shown as a percentage of the ornithine accumulation observed when putrescine is provided as the amidino acceptor. Each bar represents the average of three trials, with error bars indicating the range of values observed. Negative control assays contained arginine but no acceptor substrate. HA, hydroxylamine; EA, ethanolamine; 3A1P, 3-amino-1-propanol; 4A1B, 4-amino-1-butanol; 5A1P, 5-amino-1-pentanol; 1,2-DAE, 1,2-diaminoethane; 1,3-DAP, 1,3-diaminopropane; Put, putrescine; Cad, cadaverine; 1,6-DAH, 1,6-diaminohexane; ␤-Ala, ␤-alanine; 5-AVA, 5-aminovaleric acid; 6-ACA, 6-aminocaproic acid.
Table 1 Michaelis constants (K m ) for arginine and various amidino acceptor substrates
The K m values for arginine and for various amidino acceptor substrates were measured in assays using arginine as the amidino donor in combination with various acceptors (ND, not determined). The K m for each substrate was determined with the other substrate present at saturating concentration.
Acceptor substrate
Arginine HsvA is a polyamine amidinotransferase mers are identical and superimpose with a root mean square deviation of 0.4 Å. The model of each monomer begins with Tyr 3 and extends continuously to the native carboxyl terminus at Ile 366 .
Overall architecture-The overall architecture of each HsvA monomer closely resembles the ␣/␤ propeller domain that is seen in hAGAT (PDB entry 1JDW) and StrB1 (PDB entry 1BWD) (7, 11) , with root mean square deviations of 1.17 and 2.02 Å, respectively. Within each monomer, ␣-helices and ␤-strands are organized into five ␤␤␣␤ modules arranged around a pseudo-5-fold symmetry axis ( Fig. 3B) , as is commonly seen in members of the guanidino group-modifying enzyme (GME) superfamily (23) . The arrangement of ␤␤␣␤ modules in this manner gives rise to a compact structure resembling a basket, as has been observed in hAGAT and StrB1. Four of the five modules contain an extended ␣-helix that is oriented roughly parallel to the pseudo-5-fold symmetry axis of the ␣/␤ propeller domain; these helices lie along the exterior of the basket and contribute significantly to the surface features of the monomer. Module I contributes several short helices and ␤-strands that define a lower surface of the basket, and several loops from modules I, IV, and V contribute an upper surface of the basket. Modules II and III contribute significantly to the dimerization interface, with additional intermolecular interactions coming from the first ϳ12 amino acids in module I that are in an extended conformation, seen wrapping around the other monomer in the quaternary structure in Secondary structure conservation-All of the secondary structural elements defining the five ␤␤␣␤ modules in hAGAT The tertiary structure consists of five ␤␤␣␤ modules arranged around a pseudo-5-fold axis, forming an ␣/␤ propeller. The modules are numbered I-V and are colored as follows: red, module I (residues 3-124); yellow, module II (residues 125-203); green, module III (residues 204 -253); blue, module IV (residues 254 -306); purple, module V (residues 307-366). The amino (N) and carboxyl (C) termini are identified, along with the position of the conserved nucleophilic cysteine in the active site (C 351 ). The inset illustrates the position of secondary structural elements within the amino acid sequence, colored in the same manner as in the ribbon diagram. Helices (shown as cylinders) are numbered H1-H14, and ␤-strands (shown as arrows) are numbered S1-S17.
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are highly conserved in HsvA, with two minor exceptions. One helix found in module II of hAGAT is not observed in HsvA; this helix consists primarily of a seven-residue insertion within a loop region that, in HsvA, is found on the exterior of the protein near the opening of the channel leading to the active site. Another minor difference in secondary structure arises in module IV, where HsvA contains a short helix (noted as H10 in Fig. 3B ), also in the vicinity of the channel opening.
Dimer interface-A total of 48 amino acids in each monomer form interactions with the other monomer at the dimer interface. Modules I-III contribute the majority of these interacting amino acids, although module IV contributes several as well. More than half of the interactions at the dimer interface appear to be hydrophobic in nature, with 34 different amino acids participating in the formation of nonpolar interactions with the other monomer. Further contributions to the dimer interface come from 46 intermolecular hydrogen bonds involving 28 different amino acids. Two electrostatic interactions are also observed, as Glu 7 on one monomer interacts with Arg 215 on the other monomer. The dimer interface involves 2,905 Å 2 /monomer of buried surface area, suggesting that the interaction between monomers is significantly stronger in HsvA than in hAGAT, where the dimer interface involves only 1,773 Å 2 / monomer of buried surface area (7) .
Active-site region-The active site of HsvA consists of the strictly conserved amino acids Cys 351 , His 249 , and Asp 200 (Fig.  4 ). Together, these form a catalytic triad that is believed to function in a manner similar to the catalytic triad found in cysteine proteases (7) . The side chains of Cys 351 and His 249 are oriented toward a small cavity that is found at the base of a long, narrow channel leading from the core of the protein to the exterior. A small region of weak electron density is seen within this long channel, but we were not able to model any ligand with confidence, suggesting that any bound ligands are probably present at low occupancy. Surrounding the opening of the channel on the exterior of the protein are three glutamate residues (Glu 53 , Glu 54 , and Glu 185 ) that confer a significantly negative electrostatic potential to the surface immediately adjacent to the channel opening ( Fig. 5A ), a feature that could play a role in recruiting positively charged substrates into the channel. Altogether, ϳ30 amino acids define the topology of this channel and the features of the protein surface adjacent to the channel opening. Around half of these amino acids are also found in hAGAT and slightly fewer in StrB1.
Substrate binding-In hAGAT, seven amino acids in the active-site region play a direct role in binding the arginine substrate (7) . Of these, six are found in nearly identical positions in the active-site region of HsvA, including Asp 123 , Met 248 , Asp 251 , Ser 298 , Ser 299 , and the active-site His 249 (see Fig. 4 ). In hAGAT, an arginine residue located near the opening of the channel (designated as Arg 322 in the hAGAT sequence) provides additional binding energy by forming an electrostatic interaction with the carboxylate group in the arginine substrate. This electrostatic interaction appears to be well-conserved among a broad range of amidinotransferases, which tend to have either an Arg or Lys at this position in the sequence, corresponding to position 268 in the HsvA sequence (see Fig.  7 ). In HsvA, the corresponding amino acid at this position near are labeled in boldface type. Glu 244 , which is believed to be a primary determinant of substrate specificity, is located just below the entrance of the channel, where the carboxylate is positioned to form an electrostatic interaction with the ␣-amino group in arginine or with a protonated amine in the polyamine acceptor substrate. Glu 185 is located on the exterior of HsvA near the channel opening and, together with Glu 53 and Glu 54 , confers a significantly negative electrostatic potential to the region surrounding the channel entrance.
the opening of the channel is Trp 268 , which cannot form a comparable interaction with the arginine substrate. However, a negatively charged amino acid (Glu 244 ) is located immediately adjacent to Trp 268 at the channel opening. Computational modeling of arginine in the active-site channel suggests that the carboxylate in the Glu 244 side chain is well-positioned to form an electrostatic interaction with the ␣-amino group in the arginine substrate; on the opposite wall of the channel, both the side-chain hydroxyl and main-chain amide of Ser 299 are within hydrogen bonding distance of the carboxylate group in the arginine substrate (Fig. 6A ). The side chain hydroxyl of Ser 298 may also undergo repositioning to form a hydrogen bond with the carboxylate group in the arginine substrate upon binding.
Significantly, the placement of a glutamate just below the opening of the channel imparts a negatively charged electrostatic potential to this region of the protein surface. Given the distance between this glutamate side chain and the active-site residues near the base of the channel (following amidinylation of the nucleophilic Cys), unbranched substrates having two positively charged functional groups separated by an optimal distance of four carbons, as is the case with putrescine, should be appropriately sized to form an electrostatic attraction with this negatively charged region near the channel opening (Fig.  6B ). This structural feature provides an explanation for the substrate specificity profiles observed for both amidino donors and amidino acceptors, where the presence of two positively charged functional groups was a common feature seen in all molecules capable of serving as a donor or an acceptor substrate. These observations suggest that Glu 244 serves as a primary determinant of substrate specificity and probably explain the preference of HsvA for polyamines as amidino acceptors, with putrescine serving as the most efficient substrate among the diamines surveyed. The channel appears to be too narrow to permit branched or cyclic polyamines to serve as substrates.
The significant difference in K m between the diamine putrescine (3.9 mM) and the triamine spermidine (33 M) suggests that spermidine forms additional interactions with the enzyme upon binding. Computational modeling of spermidine binding in the active site ( Fig. 6C) suggests that both the internal and distal amines in the triamine substrate are able to form electrostatic interactions with the carboxylate group in the side chain of Glu 244 . Furthermore, the main-chain carbonyls of Pro 245 and Ala 246 are also within hydrogen bonding distance of the distal primary amine in the spermidine substrate. The formation of additional electrostatic and hydrogen bonding interactions with spermidine during catalysis could explain the strong preference for spermidine over putrescine as an amidino acceptor substrate.
Altered substrate specificity in the HsvA/E244Q mutant
To investigate the role of Glu 244 as a primary determinant of substrate specificity, we used site-directed mutagenesis to replace glutamate with glutamine at this position. The substitution of Gln for Glu replaces a charged carboxylate in the side chain with an uncharged carboxamide, eliminating the possibility of forming an electrostatic interaction with the substrate while preserving the potential for hydrogen bonding. This substitution was also chosen because it was expected to have little impact on the topology of the channel opening.
An examination of the amidino acceptor substrate specificity profile of HsvA/E244Q revealed that, whereas the mutant enzyme retained the ability to use spermidine, putrescine, and other linear diamines as substrates (data not shown), both putrescine and spermidine became less effective as amidino HsvA is a polyamine amidinotransferase acceptors, as evidenced by increases in the K m values for these two substrates ( Table 1 ). The reduced affinity of HsvA/E244Q for putrescine and spermidine is consistent with a decrease in binding energy that would result as an electrostatic interaction involved in substrate binding is replaced by a lower-energy hydrogen bond. These observed increases in K m support the proposed role of Glu 244 as a determinant of substrate specificity.
Interestingly, whereas the elimination of a negative charge near the opening of the channel led to a reduction in the affinity for putrescine and spermidine, the replacement of this negative charge with an uncharged polar functional group led to a substantial increase in the affinity for lysine. In the native enzyme, the K m value for lysine was well above 30 mM (data not shown), whereas in HsvA/E244Q, the K m decreased to 1.7 mM ( Table 1 ). The increase in affinity for lysine is probably the result of eliminating the electrostatic repulsion that would otherwise arise in native HsvA between Glu 244 and the carboxylate in lysine during substrate recruitment.
Discussion
Genetic studies of virulence determinants in E. amylovora have identified HsvA, along with two other proteins encoded by the same operon in the HAE locus, HsvB and HsvC, as required for systemic infection in apple (5) . To gain insight into the role of HsvA in the pathogenicity of E. amylovora, we carried out a series of biochemical and structural studies to characterize the predicted amidinotransferase activity of HsvA and to investigate the determinants of substrate specificity in the three-dimensional structure of the protein. Our results confirm that HsvA is an amidinotransferase, and we show that HsvA has novel substrate specificity, displaying a preference for linear aliphatic polyamines, especially putrescine and spermidine, as the amidino acceptor substrate.
An examination of the active-site region in the three-dimensional structure of HsvA reveals several features that explain the observed preference for putrescine and spermidine as amidino acceptor substrates. The active site lies at the base of a long, narrow channel that has dimensions well-suited to accommodate linear, but not branched or cyclic, substrates. A glutamate residue (Glu 244 ) located just below the opening of the channel, with its side chain carboxylate ϳ11 Å above the nucleophilic cysteine in the active site, is well-positioned to form an electrostatic interaction with the distal primary amine in putrescine, a four-carbon substrate, which, among the linear diamines, has the ideal degree of separation between primary amine groups (see Fig. 6B ). When spermidine is bound, Glu 244 is positioned to form electrostatic interactions with both the internal and the distal amines in this triamine substrate (see Fig.  6C ). The potential for the formation of additional interactions with spermidine, in comparison with putrescine, could explain the lower K m that is observed for spermidine.
Given the preference of HsvA for substrates containing positively charged functional groups separated by 3-5 carbons, it is reasonable to suggest that agmatine, a linear polyamine containing a guanidine and a primary amine separated by four carbons, should be able to serve effectively as both an amidino donor and an acceptor substrate, producing putrescine or arcaine, respectively. Indeed, we observed a significant rate of putrescine formation when we provided HsvA with agmatine as a sole substrate, far greater than the rate of ornithine formation in the presence of arginine as a sole substrate (data not shown). Fig. 4 , whereas the orientation shown in B and C is rotated ϳ180°.
HsvA is a polyamine amidinotransferase
The production of putrescine demonstrates the capability of agmatine to serve as an amidino donor, as shown in Fig. S2 ; likewise, the comparatively high rate of putrescine formation suggests that catalytic turnover is occurring relatively efficiently in the presence of agmatine as a sole substrate, which implies that agmatine is also able to serve as an amidino acceptor. Determination of K m values for agmatine as a donor and as an acceptor is difficult in light of the dual catalytic activities that occur simultaneously for this enzyme-substrate combination. Nevertheless, agmatine is a common polyamine in E. amylovora (22) , and HsvA is probably able to use it as both an amidino donor and an acceptor in vivo with reasonable efficiency.
As seen in Fig. 7 , the amino acids believed to play a direct role in substrate recognition in HsvA are highly conserved in the predicted orthologs of HsvA from E. pyrifoliae, E. mallotivora, and P. stewartii, all of which appear to form a unique clade in phylogenetic analysis (see Fig. 1 ). This sequence conservation includes Glu 244 , the amino acid believed to facilitate the preference for polyamine acceptor substrates. Additionally, two of three glutamate residues located on the surface of the protein near the entrance of the channel (corresponding to Glu 54 and Glu 185 ) are also conserved and could potentially be involved in the recruitment of polyamine substrates. These amidinotransferase orthologs probably have identical substrate specificity and perform a similar function in vivo during infection.
Comparison of substrate specificity with other amidinotransferases
The amidino acceptor substrate specificity of HsvA appears to be somewhat unique among the bacterial and vertebrate amidinotransferase homologs that have been characterized previously. In hAGAT and StrB1, two amidinotransferases for which the molecular structures are known, a conserved arginine (Arg 322 in hAGAT and Arg 246 in StrB1) is positioned near the entrance of the channel leading to the active site; this creates an area of positively charged electrostatic potential inside the channel near the rim, facilitating the formation of an electrostatic interaction with the carboxylate group in the arginine substrate (7, 11) during the first half of the amidinotransfer reaction. In StrB1, Arg 246 is also predicted to form an electrostatic interaction with the phosphoryl group in the scyllo-inosamine 4-phosphate substrate during the second half of the amidinotransfer reaction. In HsvA, the corresponding amino acid at this position is Trp 268 , which is unable to form similar interactions with substrate. However, the adjacent Glu 244 creates an area of negatively charged electrostatic potential near the opening of the channel, and the side chain of Glu 244 is positioned to form an electrostatic interaction with the ␣-amino group in arginine during the first half of the amidinotransfer reaction and with an amine group in the polyamine substrate during the second half. Additionally, the molecular surface surrounding the entrance of the channel in HsvA has an electro- Fig. 1 were aligned using Clustal Omega and annotated manually (the full sequence alignment is given in Fig. S1 ). The clade designations from the phylogram in Fig. 1 are listed on the left. The UniProt accession numbers for the aligned sequences may be found in Table S1 . The regions are numbered according to the amino acid positions in the HsvA sequence. The amidinotransferase proteins for which the molecular structure is known (HsvA, hAGAT, and StrB1) are highlighted in boldface type. Highlighted in blue are the strictly conserved amino acids forming the catalytic triad (Asp 200 , His 249 , and Cys 351 in HsvA). Conserved amino acids outside of the catalytic triad that interact directly with the arginine substrate in hAGAT are highlighted in green (7) . Highlighted in red are the Glu and Trp residues located at the opening of the substrate access channel in HsvA, along with conserved amino acids found in other homologs in clade I. The corresponding amino acids in the same positions in homologs from other clades are highlighted in purple. Glu residues on the surface of HsvA near the opening of the substrate access channel are highlighted in orange, along with conserved amino acids at corresponding positions in other homologs in clade I.
HsvA is a polyamine amidinotransferase
static potential that is considerably more negative than the corresponding regions in hAGAT and StrB1 (Fig. 5 ); this probably also contributes to the novel acceptor substrate specificity seen in HsvA.
The AmtA amidinotransferase from P. syringae pv. phaseolicola, which is found in the biosynthetic pathway for phaseolotoxin and shares 48% amino acid identity with HsvA, uses arginine as a donor and lysine as an acceptor to produce ornithine and homoarginine, both of which are components of the toxin (17) . Not surprisingly, the acceptor substrate specificity of AmtA bears some similarities with HsvA, with AmtA also having affinity for the lysine analog cadaverine and, to a lesser extent, putrescine (19) . However, as seen in Fig. 7 , the amino acids in AmtA that correspond to positions 244 and 268 in HsvA are Asp and Arg, as in hAGAT. The similarity with hAGAT at these positions suggests that the opening of the substrate access channel in AmtA is probably designed to interact with a negatively charged functional group in the substrate, as would be expected of an amidinotransferase designed primarily to bind amino acid substrates rather than polyamines. Likewise, none of the glutamate residues on the exterior surface of HsvA near the channel entrance that could potentially play a role in polyamine substrate recruitment are conserved in AmtA.
Amidinotransferase activity bearing some similarities to HsvA has been reported in two plant species, soybean and grass pea (Lathyrus sativus). Soybean amidinotransferase appears to have broad substrate specificity, preferring glycine as an amidino acceptor but also able to use agmatine, putrescine, and lysine to a limited extent (24) . The amidinotransferase from L. sativus also appears to have broad substrate specificity, using lysine, ornithine, cadaverine, putrescine, and agmatine, but not glycine, as acceptor substrates, although the preferred acceptor is believed to be lysine (25) . These enzymes are thought to play a role in modulating the levels of various guanidine-containing metabolites and structurally related polyamines during seedling development. Both enzymes were reported to be tetramers having molecular masses between 210 and 240 kDa. They are probably not homologs of the vertebrate or bacterial amidinotransferases, as we could not find any sequences matching hAGAT in a translated BLAST search of 108 sequenced plant genomes, including soybean. Given the absence of any detectable homology in plants, as well as the differences in oligomeric architecture when compared with the vertebrate and bacterial proteins, it is possible that these amidinotransferases in plants may be the result of convergent evolution. Interestingly, both plant enzymes are reportedly inactivated following exposure to thiol blockers, suggesting that the active site contains a reactive cysteine.
Novel mode of binding arginine substrate in HsvA
From the sequence alignment shown in Fig. 7 , it appears evident that two distinct modes of interaction with the arginine substrate are represented among these diverse amidinotransferases. In most of the sequences clustered throughout clades II-V, a positively charged amino acid (Arg or Lys) is found at the position corresponding to residue 268 in HsvA, whereas an Asp is found at the position corresponding to residue 244 in HsvA, an arrangement that facilitates arginine binding via an electrostatic interaction with the carboxylate group in the substrate. This mode of arginine binding appears to be quite common among amidinotransferase sequences and indeed also among the wider GME superfamily, where an electrostatic interaction is often seen between an Arg or Lys in the enzyme and the carboxylate group of the arginine substrate; this trend is seen even in more distant amidinotransferase homologs, including dimethylarginine dimethylaminohydrolase, arginine deiminase, peptidyl-arginine deiminase, and succinylarginine dihydrolase enzymes (23) .
In the amidinotransferase sequences clustered in clade I, Glu is found at position 244 and Trp at position 268, an arrangement that could facilitate arginine binding via an electrostatic interaction with the ␣-amino group in the substrate. This appears to represent a novel mode of interaction with arginine not previously seen among members of the GME superfamily. Although the origin of this alternate mode of arginine binding is unclear, it is possible that the Asp 3 Glu substitution at position 244, which moves the carboxylate group of the side chain closer to the location of substrate binding in the channel, arose to compensate for the interaction that is lost in the Arg 3 Trp substitution at position 268. Alternatively, it is also conceivable that the Asp 3 Glu substitution at 244 arose first, making possible the substrate specificity favoring polyamines, and then the Arg 3 Trp substitution at 268 was introduced to eliminate the possibility of a counterproductive ion-pair interaction between Glu and Arg at the opening of the channel, which would probably prevent substrate binding. Both amino acid substitutions may be achieved by single nucleotide substitutions in the corresponding codons.
Potential roles of HsvA as a virulence factor in E. amylovora
The demonstration of polyamine amidinotransferase activity in HsvA suggests some potential roles for this protein in the pathogenesis of E. amylovora. Because HsvA uses both arginine and polyamines as substrates, the protein has the capability to influence endogenous levels of these metabolites, potentially in ways that enhance the fitness of the pathogen during infection or support the production of other virulence factors through indirect means. It is also possible that the polyamine amidinotransferase activity of HsvA may play a direct role in the synthesis of an essential virulence factor that secures an advantage for the pathogen during infection in apple.
Polyamines play critical roles in a wide variety of processes in living systems through diverse mechanisms that continue to be elucidated (26) . In bacteria, putrescine and spermidine are the most common polyamines, playing essential roles in cell growth, gene transcription and translation, detoxification of free radicals, and acid resistance, among other functions (27) . In E. amylovora, cadaverine, putrescine, and other short polyamines serve as precursors for the synthesis of various desferrioxamine siderophores, which are essential virulence factors involved in iron scavenging (28) . Studies from other pathogens in the Enterobacteriaceae have shown that putrescine and spermidine are specifically required for biofilm formation (29) and for the expression of proteins involved in type III secretion (30) , although the extent to which polyamines are required for these processes in E. amylovora remains unknown.
HsvA is a polyamine amidinotransferase
Putrescine can be synthesized in a one-step process involving the action of ornithine decarboxylase (SpeC) or through a twostep process involving the conversion of arginine to agmatine via arginine decarboxylase (SpeA), followed by the removal of the amidino group via agmatinase (SpeB). Spermidine is synthesized from putrescine through the action of spermidine synthase (SpeE). The E. amylovora genome encodes homologs of all of these enzymes. Under conditions of excess agmatine and a shortage of putrescine, HsvA could contribute to the formation of putrescine by utilizing agmatine as an amidino donor substrate, mirroring the activity of SpeB. HsvA could also catalyze the direct formation of ornithine from arginine, mirroring the action of arginase, an enzyme activity that does not otherwise exist in E. amylovora. Ornithine could then be decarboxylated by SpeC to generate putrescine. In these ways, the amidinotransferase activity of HsvA may be able to contribute to virulence by helping to raise putrescine levels in support of endogenous metabolic and biosynthetic processes, such as those mentioned above, that are polyamine-dependent.
Although HsvA may support virulence indirectly by modulating endogenous levels of polyamines, a more direct role in pathogenicity is likely, given the significantly reduced virulence phenotype seen in mutant strains lacking hsvA or two of the other genes also predicted to encode enzymes in the HAE locus, hsvB and hsvC (5) . All three of these genes have homologs in the phaseolotoxin biosynthesis pathway. Although no evidence of phaseolotoxin production has been found in E. amylovora (5) , the overall similarities with components of the phaseolotoxin biosynthesis pathway suggest the possibility that a toxin or metabolite containing an amidinylated derivative of spermidine or putrescine (or another polyamine) as part of the structure could be synthesized during infection.
Such a polyamine-derived metabolite secreted from E. amylovora could potentially exert its effects by interacting with defense pathways in the plant that are polyamine-dependent. Polyamines are known to play a variety of essential roles in plant defenses, acting as signaling molecules in pathogen recognition and participating in a wide range of defense responses, including the production of H 2 O 2 (required for the initiation of the hypersensitive response), reinforcement of the cell wall, and up-regulation of genes involved in systemic acquired resistance, to name a few (31) . Some plant pathogens have been shown to manipulate polyamine metabolism in their hosts to weaken defense responses. A polyamine-derived metabolite from E. amylovora could conceivably act as an inhibitor of an enzyme in the plant that is required for polyamine metabolism or could interfere with polyamine-mediated signaling within the plant cell. Either of these scenarios could lead to impaired defense responses in the plant, providing an advantage for the pathogen.
Functional characterization of the other proteins in the HAE locus will lead to a better understanding of the mechanism by which this locus contributes to the pathogenicity of E. amylovora in apple. Investigation of changes in polyamine levels in susceptible and resistant cultivars of apple following exposure to E. amylovora may shed light on the possibility that E. amylovora could manipulate polyamine levels in the plant to its advantage during infection.
Experimental procedures
Phylogenetic analysis
Amino acid sequences for a variety of confirmed and predicted amidinotransferase enzymes were obtained from the UniProt database. Sequences were aligned with Clustal Omega (32) . A phylogeny tree was constructed using PHYLIP Proml software, applying the Jones-Taylor-Thornton probability model (33) , and manually annotated using FigTree (http://tree. bio.ed.ac.uk/software/figtree/) 3 (34) . The sequence alignment was annotated using Jalview (35) .
Construction of pET28b-hsvA and pET28b-hsvA/E244Q expression plasmids
E. amylovora strain Ea321 (a generous gift from Dr. Steven Beer, Cornell University, Ithaca, NY) was grown in LB broth overnight at room temperature. Cells were recovered by centrifugation, resuspended in Tris-EDTA buffer, and lysed using a combination of SDS, proteinase K, and lysozyme. Following a brief incubation at 37°C, protein was removed from the lysate by phenol-chloroform extraction. Nucleic acid was recovered by precipitation from the aqueous phase using 3 M potassium acetate (pH 5.5) and isopropyl alcohol, followed by several successive washes in ethanol. The purified genomic DNA was stored in Tris-EDTA buffer.
The native hsvA gene was amplified from genomic DNA using Phusion DNA polymerase (New England Biolabs) and primers containing the NdeI restriction site in the 5Ј-end (5Ј-GGGCATATGCATTATCAAAAAGAAGAGCCATC-3Ј) and XhoI in the 3Ј end (5Ј-CCCCTCGAGTCAGATATAGCTTT-TCAGGCTTCC-3Ј). The PCR product was digested with restriction enzymes and ligated into a modified pET28b vector, which encoded a tobacco etch virus protease cleavage site in place of the standard thrombin cleavage site. The nucleotide sequence of the cloned gene was verified by DNA sequence analysis.
A similar expression construct encoding HsvA with an E244Q mutation was assembled using a nested PCR strategy. A mutagenic primer pair encoding CAG in place of GAG at amino acid position 244 (5Ј-CATCCATATCTACGAGTTTGATCA-GCCGGCTCCG-3Ј) was used in combination with terminal primers containing the NheI restriction site in the 5Ј-end and XhoI in the 3Ј-end.
Expression and purification of HsvA
The pET28b-hsvA plasmid was used to produce recombinant HsvA in BL21(DE3) E. coli cells. Expression was induced using 1 mM isopropyl ␤-D-1-thiogalactopyranoside, and the culture was incubated overnight at 25°C. Cells were harvested by centrifugation at 10,000 ϫ g, resuspended in an immobilized metal affinity chromatography binding buffer (20 mM sodium phosphate (pH 8), 500 mM NaCl, 20 mM imidazole, 1 mM DTT, and 10% (v/v) glycerol), and lysed using sonication. Clarified cell lysate was pumped over a 5-ml HisTrap immobilized metal affinity chromatography column (GE Healthcare) using an Äkta FPLC system (GE Healthcare). Protein was eluted using a buffer containing 20 mM sodium phosphate (pH 8), 200 mM imidazole, 1 mM DTT, and 5-10% glycerol. During elution, fractions were diluted into an equal volume of ultrapure water. Protein purity was confirmed using denaturing polyacrylamide gel electrophoresis, and the concentration was estimated by UV spectrophotometry, using a theoretical extinction coefficient of 72,880 M Ϫ1 cm Ϫ1 and a predicted molar mass of 45,065 Da.
For protein used in enzyme functional assays, the fractions containing pure HsvA following affinity chromatography were desalted into a buffer containing 20 mM HEPES (pH 7), 1 mM DTT, and 10% glycerol using a HiPrep 26/10 desalting column (GE Healthcare). The protein was flash-frozen in liquid nitrogen and stored at Ϫ80°C. HsvA/E244Q protein was purified similarly.
For native HsvA protein used in crystallization and structure determination, affinity-purified HsvA was desalted into a buffer containing 20 mM phosphate (pH 8) and 1 mM DTT using a HiPrep 26/10 desalting column. The protein was then injected onto a HiLoad 16/60 size exclusion column containing Superdex 200 medium (GE Healthcare) and eluted with a mobile phase buffer containing 50 mM sodium phosphate (pH 8), 50 mM NaCl, and 1 mM DTT. Fractions representing non-aggregated HsvA were pooled and desalted into a buffer containing 20 mM HEPES (pH 7) and 1 mM DTT. The protein was concentrated to ϳ15 mg/ml using ultrafiltration, flash-frozen in liquid nitrogen, and stored at Ϫ80°C.
Amidinotransferase activity assay
Standard assay conditions-An in vitro assay, coupled with HPLC, was used to investigate amidinotransferase activity. Unless otherwise noted, assays contained an amidino donor, an amidino acceptor, 100 mM HEPES (pH 8), and 1-3 M HsvA. Either glutamate or tryptophan was included at 250 M as an internal HPLC standard. Assays were incubated at 30°C for a specific period of time and then stopped by the addition of HPLC-grade acetonitrile to precipitate the protein. Amidinotransferase assays were carried out in triplicate.
HPLC-The products of the amidinotransfer reaction were separated and quantified using an Agilent 1100 HPLC system as described previously (36) , with several modifications. Mobile phase buffer A was composed of 10 mM sodium phosphate, 10 mM sodium borate, and 0.02% sodium azide (pH 8.0), and mobile phase buffer B was composed of methanol/acetonitrile/ water in a 9:9:2 (v/v/v) ratio. Using an injector program with the autosampler, 1 l of clarified supernatant from the amidinotransferase assay was combined with 2.5 l of 0.4 N sodium borate (pH 10.2) and 2 l of a freshly prepared derivatization reagent mixture containing 75 mM o-phthalaldehyde and 225 mM sodium 2-mercaptoethanesulfonate in 80% methanol. The use of sodium 2-mercaptoethanesulfonate as the thiol additive in the derivatization reaction facilitates efficient labeling of primary amines containing -CH 2 -CH 2 -NH 2 (37) . The reaction was mixed briefly, and then 32 l of mobile phase buffer A was added as an injection diluent. The entire reaction mixture was injected onto a Zorbax Eclipse Plus C18 reverse phase column (4.6 ϫ 150 mm, packed with 3.5-m medium; Agilent) maintained at 40°C. Derivatized amino acids were eluted using a gradient program and detected by UV spectrophotometry at 334 nm. The gradient program used a constant flow rate of 1.5 ml/min, with 2% B for the first 0.5 min, followed by a linear increase from 2% B at 0.5 min to 60% B at 16.0 min, and finally 100% B from 16.1 to 19.5 min. Between injections, the column was re-equilibrated into 2% B for ϳ5 min. Amidinotransferase activity was quantified by estimating the yield of product (typically ornithine) from the peak area using a standard curve; the peak area of the internal standard was used to calculate the dilution factor for each reaction by comparison with the peak area of the internal standard obtained from a non-diluted protein-free control mixture.
Investigation of donor substrate specificity-To investigate the capability of arginine, homoarginine, agmatine, arcaine, and guanidinoacetate to serve as amidino donor substrates, a modified assay format was designed in which each candidate donor substrate was incubated with HsvA in the absence of an acceptor. Each reaction mixture contained 250 M donor, 100 mM HEPES (pH 8), 250 M glutamate, and 25 M HsvA. Negative control reaction mixtures contained all components except for HsvA. Reactions were incubated at 30°C for 120 min. HPLC was used to detect the expected product. Ornithine was measured in reactions containing arginine, lysine in reactions containing homoarginine, agmatine in reactions containing arcaine, putrescine in reactions containing agmatine, and glycine in reactions containing guanidinoacetate. To investigate the capability of canavanine to serve as an amidino donor, putrescine was provided as an acceptor, and both donor and acceptor substrates were included at 5 mM, with the reaction incubated at 30°C for 10 min and agmatine measured as the product.
Investigation of acceptor substrate specificity-A variety of candidate amidino acceptor molecules, each containing at least one primary amine, were used in conjunction with arginine as the amidino donor in a series of amidinotransferase assays to investigate the structural requirements for the acceptor substrate in the amidinotransfer reaction. Reaction mixtures contained 10 mM arginine, 10 mM acceptor, 100 mM HEPES (pH 8), 250 M glutamate, and 10 M HsvA. Reactions were initiated with the addition of arginine and then incubated at 30°C for 30 min. The yield of ornithine was measured using HPLC and compared with the yield of ornithine obtained using putrescine as the amidino acceptor under the same conditions.
Temperature and pH activity profiles-The temperature dependence of the amidinotransfer reaction was characterized using the standard assay with 10 mM arginine and 30 mM putrescine, incubating the reactions for 30 min at a variety of temperatures ranging between 15 and 50°C and quantifying the yield of ornithine using HPLC. The effect of pH upon the amidinotransferase activity of HsvA was investigated by carrying out the standard assay with 10 mM arginine and 30 mM putrescine at pH values ranging between ϳ5.5 and ϳ9.5. The pH in each reaction was maintained with 100 mM buffer reagent; MES was used below pH 6.0, PIPES between 6.1 and 7.5, HEPES at pH 7.9, Bicine between pH 8.1 and 9.0, and sodium carbonate above pH 9.5. Reactions were incubated at 30°C for 30 min, and the yield of ornithine was quantified using HPLC.
Measurement of K m for donor and acceptor substrates-Vari-
ations of the standard assay were used to measure the K m values for arginine and several amidino acceptor substrates. In each assay, one substrate (either arginine or an amidino acceptor) was maintained at a concentration at least 10-fold higher than its K m value, whereas the other substrate was varied between ϳ0.2 ϫ K m and 5 ϫ K m . Each reaction also contained 100 mM HEPES (pH 8), 250 M glutamate or tryptophan as an internal standard, and 1-3 M HsvA. With all assays, reactions were initiated with the addition of arginine, and initial reaction velocities were estimated by quantifying the yield of ornithine after a 5-min incubation at 30°C. The value of K m was estimated using nonlinear regression analysis to fit the kinetic data to a rectangular hyperbola (SigmaPlot version 12, Systat Software, Inc.).
Structure determination
Crystallization-HsvA crystallization trials were set up with commercially available crystal screens using the hanging-drop vapor diffusion method at 20°C. HsvA protein (15 mg/ml) was mixed in a 1:1 ratio with the reservoir solution and set up by the nanoliter handling system Mosquito (TTP Labtech). Crystallization succeeded in a buffer containing 0.2 M MgCl 2 , 0.1 M HEPES, pH 7.5, and 30% (w/v) PEG 400. Crystals measuring 0.1-0.2 mm were obtained within a week. The crystals were cryoprotected in a reconstituted crystallization buffer containing 10% glycerol and flash-frozen in liquid nitrogen.
Diffraction, data collection, and structure determination-Diffraction data were collected using the home source RIGAKU FR-E ϩ (Rigaku) at Baylor College of Medicine (Houston, TX). Diffraction data were processed using d*TREK (Rigaku). The space group of the crystal was confirmed using Pointless (38) in the CCP4 suite (39) . The initial electron density map was obtained by molecular replacement using Phaser (40) , with the previously published structure of the human L-arginineglycine amidinotransferase (PDB entry 1JDW) as the starting model. This was followed by ab initio automated model building and solvent addition using PHENIX AutoBuild (41) to reduce model bias. Further iterative cycles of refinement and model building were carried out based on the F o Ϫ F c difference maps. The programs phenix.refine (42) and Coot (43) were used throughout structure determination and refinement. Data collection and refinement statistics are provided in Table 2 . The programs Chimera (44) and PyMOL (Schrödinger, LLC) were used to generate illustrations of the molecular structure.
Substrate modeling in the active site
The amidino donor substrate arginine and the acceptor substrates putrescine and spermidine were computationally modeled into the active site using Chimera. Manual docking was carried out for the initial placement of each substrate within the active-site channel, and the position was optimized using the MMTK (Molecular Modeling Toolkit) energy minimization algorithms in Chimera (45) , holding the HsvA atoms in place during refinement. HsvA is a polyamine amidinotransferase
